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NASA TT F-9572 

STUDY OF THE FUNDAMENTAL VIBUTION OF THE ARTERIAL PULSE WAVE *I133 

J i r o  Sate* 

The cause of t h e  fundamental v ibra t ion  of t h e  arterial  

pulse wave was studied on the arterial pressure pulse of 

a o r t a  and femoral a r t e r y  i n  dogs and r abb i t s .  

l a t i o n  between t h e  following f a c t o r s  was' inves t iga ted .  

The corre- 

1) A-c 2) A 4  3) A-W W 
4) "'7c 5) w - 3 .  

pa 

(The meaning of t h e  notat ion is explained i n  Fig.1.) 

i s  observed that t h e  wavelength of t h i s  fundamental vibra- 

t i o n  changes w i t h  t h e  pa t te rn  of e j ec t ion  and t h e  dynamical 

s ta te  of the  vascular  system. 

b ra t ion  mainly o r ig ina t e s  from t h e  e j e c t i o n  of blood from 

l e f t  ven t r i c l e  t o  arterial  system. 

It 

It is concluded t h a t  t h i s  v i -  

I n  general ,  i n  man as i n  t h e  mnkey, dog, cat, r abb i t ,  and o the r  animals, 

t h e  so-called c e n t r a l  ar ter ia l  wave i s  unremarkable i n  regions near t h e  m i n  

pa r t  of t h e  a o r t a ,  although a d i s t i n c t  ar ter ia l  v ib ra t ion  wave form i s  noted i n  

t h e  g r e a t  per iphera l  arteries, such as  t h e  femoral and r a d i a l  a r t e r i e s .  

i s  w h a t  i s  termed t h e  fundamental vibrat ion,  and t h e r e  has long been discussion 

of m n y  kinds,  proceeding from dynamic viewpoints, about t h e  causes of t h i s  v i -  

b ra t ion .  The most convincing explanation is t h a t  it is an in t ravascular  vibra- 
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t i o n  due t o  t h e  sudden surge of blood that accompanies t h e  closing of t h e  semi- 

lunar valves,  and on t h i s  basis much study has been d e w t e d  t o  t h e  re la t ionship :  
I 

between t h e  wavelength of t h i s  v ibra t ion  and t h e  length of t h e  bloodvessel i n  
I I 
I 

which it occurs (Bibl.3, 6,  8, 9 ,  10, 11, &, 21, 22, 23). 

Since t h i s  type of fundamental v ibra t ion  i s  considered t o  be a vibra t ion  i 
i n  an e l a s t i c  tube,  it i s  hardly necessary t o  say that i ts  period and damping 

conditions are subject  t o  t h e  influence of t h e  various dynamic proper t ies  of 

t h e  c i r cu la to ry  system, such as the  e l a s t i c i t y  of t h e  vascular  walls, t he  dia-  

meter of t h e  lumen, t h e  s t a t e  of branching, t h e  v i scos i ty  of t h e  blood, and t h e  

l i k e .  

c i r cu la to ry  system is  unusually complex, so t h a t  t h e  simple ca lcu la t ion  of t h e  

wavelength and similar quan t i t i e s ,  regarding t h e  v ibra t ion  as t ak ing  place i n  

a n  open o r  closed tube, without fu r the r  refinements,  involves t h e  danger of 

se r ious  e r r o r s .  

As Hatakeyama (Bibl.11) has argued, t h e  dynamic cons t i t u t ion  of t h e  

This makes it necessary, f i rs t  of a l l ,  t o  assume some re l a t ionsh ip  between 

t h e  var ious ind ices  of t h e  proper t ies  of t h e  c i rcu la tory  system and t h e  various 

elements of t h e  fundamental v ibra t ion ,  based on a simple dynamic nodel, and 

then t o  ' inquire  whether o r  not t h i s  r e l a t ionsh ip  agrees  with t h e  phenomena actu- 

a l l y  observed. 

t h e  semilunar valves [Wiggers (Bibl.&)] is  t o  be considered tenable ,  then 

t h e r e  must be a c lose  r e l a t ionsh ip  between t h e  time of t h e  second peak of t h e  

v i b r a t i o n  and t h a t  of t h e  closure of these valves .  Moreover, i f ,  i n  add i t ion  

t o  dynamic conditions of t h i s  kind, the b io log ica l  vascular  reac t ions  and simi- 

lar f a c t o r s  also rake a subs t an t i a l  contr ibut ion [Wehn (Bibl.20)], then t h e  

var ious above-mentioned dynamic conditions m u s t  of necess i ty  be t o t a l l y  unable 

t o  give a complete explanation. There have as ye t ,  however, not been many re- 

If t h e  explanation of t h e  second peak accompanying closure of 
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I ported s tud ie s  of t h e  re la t ionships  between t h e  fundamental v ib ra t ion  and t h e  

various dynamic f a c t o r s  from t h i s  point of view. I have therefore  made r e l i a b l e  

measurement of t h e  dynamic q u a n t i t i e s  i n  animal experiments and have thus  eluci t .  

dated t h e  e s s e n t i a l  nature of t h e  fundamental v ibra t ion .  

I 

' 

!> 

, 
j 

I 

I O  I. EXPERIMENTAL "HOD 

1 

The experimental animals used were dogs and r abb i t s .  The dogs were anes- 

' t he t i zed  with about 0.3 mg/kg of pentobarbital  sodium, and t h e  r abb i t s  with 

about 1 gm/kg of urethane. The blood pressure of t h e  cen t r a l  region of t h e  

a o r t a  was measured through t h e  l e f t  carotid artery, considered representa t ive  

of t h e  blood pressure i n  t h e  c e n t r a l  arteries. The per ipheral  a r t e r i a l  blood 

pressure was measured i n  t h e  dogs through t h e  A .  profundus femoris, while i n  

t h e  r a b b i t s  it was measured d i r e c t l y ,  a f t e r  sec t ion  of t h e  femoral artery i n  

t h e  lower par t  of t h e  thigh. 

flow, f o r  instance i n  t h e  caro t id  a r t e ry ,  and, i n  t h e  r abb i t s ,  i n  t h e  femoral 

artery, resu l ted  i n  c e r t a i n  deviat ions of t he  measured a r t e r i a l  blood pres- 

su re  from that under normal c i rcu la torg  conditions,  no questions r e l a t ed  t o  t h e  

ob jec t  of t h i s  work arose  so long a s  t h e  constant dynamic conditions were m i n -  

( 

\ 

' 

Although t h i s  i n t e r rup t ion  of t h e  ar ter ia l  blood 

/134 

. 

t a ined .  

s t a b i l i t y  high-compliance capacitance ranometer with a low-compliance cannula 

The pressure was measured by an e l e c t r i c a l  method through a high- 

' 

' system. 

The animals were t r e a t e d  a s  follows: 

1) Administration of adrenal ine 

A 1:10,000 so lu t ion  was intravenously in jec ted  a t  t h e  r a t e  of about 1 cc 
' in 10 sec. 

completion of t h e  in j ec t ion ,  and the rea f t e r  a t  10 sec i n t e r v a l s  f o r  1 min, 

The r abb i t s  received 1 cc and t h e  dogs 4 CC. Immediately after 

3. 



I seven measurements were made and recorded. 

2) Administration of acetvlchol ine 
I 

> 
( 

The same procedure as i n  1) was followed. 

3 )  Section of t h e  vagus nerve 

) Two measurements were made 1 m i n  and 1 min 30 s e c  af ter  sec t ion ,  separate- 
i ( !  , 

I ' ly f o r  r i g h t  and le f t .  I 
I >  I 

4) St imulat ion of cen t r a l  end of vams nerve a j  

I Using an e l ec t ron  tube s t imula tor  with a square wave of 2 msec pulse width, 
i 

1 s t imu l i  of t h e  following frequency and i n t e n s i t y  were applied f o r  20 sec:  
I '> 

Frequency I n t e n s i t y  

Rabbits : 10 cps 
100 cps 
100 cps 

Dogs : 10 .cps 
50 cps 
200 cps 

20 v 
20 v 
30 v 

20 v 
20 v 
20 v 

1 Measurements were rrade and recorded a t  0, 10, and 20 sec  af ter  t h e  begin- 
, *  

n h g  of t h e  s t imulat ion and 10 sec  a f t e r  i t s  end. 

5) St imulat ion of per ipheral  end of vagus nerve 

St imulat ion was applied under t h e  following conditions using t h e  same 

.\ wave form as above. 
I 

Frequency I n t e n s i t y  

Rabbits : 10 cps 
20 cps 
10 cps 

Dogs : 30 cps 
30 cps 
30 cps 

5 v  
5 v  

2 o v  

5 v  
6 v  

10 v 

Measurements were made and recorded 0, 5, 7, 10, and 20 sec  after the  be- 

ginning o f  s t imulat ion.  

4 .  



6 )  Section of n. depressor cordis 

Measurements were made and recorded 1 min a f t e r  b i l a t e r a l  sec t ion .  

7) Stimulation of n. depressor cordis 

Stimulation was appl ied under the  following conditions,  using t h e  same 

wave form as above. 

Frequency I n t e n s i t y  

10 cps 10 v 
10 cps 20 v 
10 cps 30 v 

Measurements were m d e  and recorded 5, 7, 10, 15, and 20 sec  after t h e  

beginning of s t imulat ion.  

8) Tension on lower limb 

The l e f t  th igh  was pulled by a cord f o r  30 sec,  and measurements were made 

and recorded 15 and 30 sec a f t e r  beginning of t h e  tension.  

9 )  Asphyxia 

After i n s e r t i o n  of a t r achea l  cannula in to  t h e  t rachea ,  i t s  o r i f i c e  w a s  

closed f o r  20 o r  30 sec,  and measurements were made and recorded 15 and 30 s e c  

after t h e  beginning of such closure. 

10) Bloodlet t ing 

The time required f o r  t h e  blood pressure t o  f a l l  t o  zero, a f te r  withdrawing 

5, 10, 15, 20, o r  30 cc of blood, was recorded. 

The blood pressure of t h e  same animal ,  untreated,  was also measured seve ra l  

times. 

dynamic conditions vary a f t e r  such treatments.  

It was  not a p r k a r y  object  of t h e  present study t o  inves t iga t e  how t h e  

Our ob jec t  was r a t h e r  t o  inves t i -  

ga t e  how t h e  condition of t h e  c i rcu la tory  system changes and t o  study t h e  dy- 

namic l a w s  that should be establ ished.  I n  view of t h i s  ob jec t ,  therefore ,  from 

t h e  recorded blood-pressure curves of t h e  two  a r t e r i e s  i n  question we first  of 

5. 



, 5 
a l l  measured t h e  following quan t i t i e s  : 

A s  Aortal Blood-Pressure Curve 

1. S y s t o l i c  pressure ......................... P. 

2. D ias to l i c  pressure .......................... Pd 

3.  Sys to l i c  period .............................. S 

4. Dias to l i c  period ........................... D 

5. Period of a r t e r i a l  wave ................. T 

B. Femoral Artery Blood-Pressure Curve 

6. S y s t o l i c  pressure ........................... 

......................... 7. D ias to l i c  pressure p'd 

8. F i r s t  amplitude of funda- 
......................... mental v ib ra t ion  Pl 

9. Second amplitude of funda- 
mental v ibra t ion  _-____.___-_.._____________ PZ 

[With reference t o  Frank (Bibl.8, 9 ) ,  as  shown by Fig.lb,  t h e  amplitude of /135 
t h e  blood pressure i s  measured from the c re s t  of t h e  fundamental v ib ra t ion  t o  

i t s  trough; PI is  t h e  height of the  f irst  peak, and Pz that of t he  sec0nd.g 

10. Period of fundamental v ibra t ion  _ _  T' 
11. Time during which peak 1 

of t h e  fundamental vibra- 
t i o n  p e r s i s t s  ............................... S' 

C. Other Direc t ly  Measured Elements 

12. Arterial pulse-wave propaga- 
t i o n  time ____.____________________________I___ A t  

(The t ime lag between t h e  a o r t i c  pressure wave and t h e  femoral a r t e r y  pressure 

wave was measured a t  pulse heights 1/5 of t h e i r  amplitudes.) 

13. Cross sec t iona l  area of 
pr imit ive ao r t a  ......................... Q 

U.. Anatomic length of ao r t a  ............... L 



15. Aort ic  transmission dis tance 
(pulse conduction length) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4, 

b (If La is t h e  d is tance  f r o m  t h e  s i t e  of i n s e r t i o n  of t h e  cannula i n  t h e  caro t id  

artery t o  t h e  point a t  which t h i s  a r t e r y  branches from t h e  ao r t a ,  and L1 is  t h e  

d is tance  f r o m  t h i s  branching point of  t h e  carot id  a r t e r y  t o  t h e  point of inser-  

t i o n  of t h e  cannula i n  t h e  femoral a r t e ry ,  then 4 = Ll - bo) 
D. Elements Used i n  Calculations 

16. Arterial pulse wave ve loc i ty  ___.__.__ C = & / A t  

17. Fundamental wavelength ___.__ _ _ _ _ _ _ _ _ _ _  - h = cT' 

18. Mean blood pressure _____.__ ~ _ _ _ _ _ _ _ _ _ _ _ _ _  P. 
(Although t h e  exact mean blood pressure would have t o  be expressed by P,,= 
- @Pdt , s ince  t h e  mean blood pressure P. is  expressed as a funct ion P ( t )  of - 

T 
P6 -k Pd t h e  time t, we have here taken approximately P,, - 

19. Cardiac output _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _  V, 
- T--*) 

(According t o  t h e  Broemser-Ranke formula) 

20. Mean e j ec t ion  ve loc i ty  ________..__ i 

21. Ef fec t ive  per ipheral  res i s tance  ... W 

P. w = -  
S' 
S , and -. ,- \i ps - pd Pa 

P1 

A Also, as required,  we calculated - 
Inves t iga t ion  of t h e  cor re la t ion  between these  measured and calculated 

7 



a -T- 

6 

Fig.la,  b Schematic 
of Aortic a) 

q u a n t i t i e s  from t h e  viewpoint of 

co r re l a t ion  coe f f i c i en t s  between 

1) " c ;  2) A - cs ;  

Representation of Various Factors 
and Femoral b) Pulse Wave 

t h e  present work proceeded by studying t h e  

t h e  quan t i t i e s  : 

3 )  A - w; W Pa 4) A - c; 5) w - - 0  

Pl ' 

11. EXPERIMENTAL RESULTS 

Table 1, f o r  i l l u s t r a t i v e  purposes, gives one each of these  neasured and 

ca lcu la ted  values f o r  t h e  dog and t h e  rabbi t ,  always expressed i n  CGS u n i t s .  

i s  hardly necessary t o  mention t h a t  Ps , Pd , t h e  ar ter ia l  pressure,  and t h e  circu- 

l a t i o n  are a l l  increased by t h e  adminis t ra t ion of adrenaline.  The va1.ue of  c 

i s  a l s o  increased,  bu t  T' i s  decreased, and consequently A = cT' i s  not t oo  

g r e a t l y  increased and may even show a tendency t o  decrease. The adminis t ra t ion 

of ace ty lchol ine ,  i n  cont ras t ,  decreases PB , Pd and t h e  ar ter ia l  pressure,  w h i l e  

Tf i nc reases ,  s o  t h a t  A does not decrease very much and r ay  even, i n  many cases, 

It 
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increase.  

Section of t h e  vagus nerve increases P, and Pd and decreases C. The value 

of T' has  a tendency t o  increase,  but  no very marked e f f e c t  on h was noted. 

Stimulation of t h e  cen t r a l  end of t h e  vagus nerve, depending on t h e  s t imulat ion 

conditions used, may e i t h e r  r a i s e  o r  lower t h e  blood pressure,  and t h e  changes 

i n  c, T' and k my a l s o  be e i t h e r  up or down. 

of t h e  per iphera l  end of t h e  vagus nerve induces mrked  brachycardia and a f a l l  

in blood pressure.  No major changes i n  c, T' o r  h were noted. St imulat ion of 

\ .  

It is obvious that s t imulat ion 

t h e  n. depressor cordis had an  extremely depressing e f f e c t  on t h e  blood /136 
pressure,  bu t  t h e r e  was not much change i n  c, T' o r  A .  

Tension on t h e  lower limb increased both P, and P d ,  but no change i n  t h e  

tendency of c, T' and h t o  hold constant was noted. 

creased t h e  blood pressure,  but no change i n  t h e  constant values of c,  T' o r  h 

Asphyxia i n  general  in- 

was noted. 

creased, and h had a tendency t o  decrease. 

Bloodlett ing decreased t h e  blood pressure while c decreased, T' in- 

For t h e  o the r  f a c t o r s ,  t h i s  type of 

treatment e i t h e r  modified t h e  tendencies t o  constant values o r  caused the  a p  

pearance of changes of indeterminate kind. Since it is not t h e  objec t  of t h i s  

paper t o  report on them, we s h a l l  confine ourselves t o  giving t h e  a c t u a l  values 

f o r  two t y p i c a l  examples i n  Table 1. 

The r e l a t ionsh ip  between these several  quan t i t i e s  occupies t h e  f o c a l  L U  
point  of i n t e r e s t  of t h i s  study; i n  order t o  contr ibute  t o  t h e  inves t iga t ion  of 

t h e  r e l a t ionsh ips  postulated i n  t h e  past on t h e  b a s i s  of c r i t i c a l  discussion of 

t heo r i e s  on t h e  fundamental v ibra t ion ,  and of dynamic models as well ,  w e  se- 

l ec t ed  t h e  following f ac to r s  and subjected t h e  cor re la t ions  between them t o  

m a t h e m t i c a l  inves t iga t ion :  ( A  - c, A - 6, h - W, A - T ,  W - - 
- -) . We also calculated t h e  regression l i n e s .  

w P2 pa - pd 
9 'mh 

p2 
Pl  

Figures 2a t o  Fig.3f give 

9 
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examples of each measured value by means of a graph, while Table 2 gives t h e  

calculated values.  All that has been done here is  t o  inves t iga te  whether or 

not  t h e  r e l a t ionsh ip  between t w o  quant i t ies ,  expressed e i t h e r  by a co r re l a t ion  

coe f f i c i en t  o r  by a regression l i n e ,  is  linear. Thus, no accurate  judgment can 

be formulated on t h i s  basis, although we do be l ieve  t h a t  t he re  can be no ques- 

t i o n  but t h a t  consideration within t h e  framework of t h e  method of l e a s t  squares 

will provide a clue.  

10 
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111. DISCUSS ION 

The most l o g i c a l  t h e s i s  i n  t h e  dynamic theory o f  t h e  fundamental v ib ra t ion  
l 

is t o  be found i n  t h e  v ibra t ion  theory f i r s t  advanced by Frank, which is based 

on t h e  exis tence of a standing wave, as more pa r t i cu la r ly  demnst ra ted  by 

Hamilton and Dow (Bibl.lO), and which appears t o  become more and more entrenched. 

Indeed, by following t h i s  theory i n  pract ice ,  and tak ing  1/2 A [Frank (Bibl.8)] 

o r  l/l+ A [Wezler and BEger (Bib1.23)] as t h e  e f f ec t ive  length of t he  a i r  chamber 

of a blood vessel ,  a dynamical appl icat ion of t he  c i r cu la t ion  rate is now i n  

p rac t i ce  supplied. Broemser (Bibl.5) derived t h e  period of t h i s  v ibra t ion  from 

t h e  dynamical theory and argues i n  favor of i t s  co r re l a t ion  with t h e  per ipheral  

r e s i s t ance .  

per ipheral  res i s tance  

According t o  him, t h i s  period becomes s h o r t e r  with increas ing  

However, t h e  dynamical model taken by Broemser (Bibl.4) 

as h i s  t h e o r e t i c a l  foundation i s  ce r t a in ly  a n  object  of t h e  v ibra t ion  theory 

- something i n  t h e  nature of a concentration network, so t o  say. It is not  an  

ob jec t  of  wave-motion theory, nor something i n  the  theory of d i s t r ibu t ion -  

constant networks. 

theory of v ibra t ions  i n  an e l a s t i c  tube t o  the  pulse wave, repor t s  t h a t  t h e  

wavelength m y  vary within a range of a f a c t o r  of 2 with changes i n  t h e  peri- 

phera l  res i s tance .  According t o  t h e  conventional dynamical theory,  t h e  wave- 

I n  t h i s  connection, Hatakeyama (Bibl.11) , i n  applying t h e  

length  of a v ibra t ion  i n  a closed tube, i . e . ,  i n  a tube closed a t  both ends, i s  

twice t h e  length of t h e  tube, and i n  a n  open tube, i .e . ,  i n  a tube closed a t  

one end and open a t  t h e  o the r  end, t h e  wavelength of  a v ib ra t ion  is fou r  times 

t h e  tube length.  

and G g e r  accepted t h e  l a t t e r .  

Frank (Bibl.8) adopted t h e  former proposit ion,  while Wexler 

However, as will be e a s i l y  understood from the  

example of a wind instrument, a tube,  even though it may be cal led a closed 

tube,  will a t  some point not s t o p  t h e  flow of air; s ince  t h e  inpedance w i l l  

16 
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vary with the  s i z e  of t he  opening and the  length of t h e  tube, the wavelength, 

though it may not be twice the  tube length,  m y  a l s o  t ake  a value o t h e r  than  

fou r  times that length (Bibl.13). 

t h a t ,  i n  a vascular  system closely resembling a closed tube ( fo r  instance,  t he  

Hatakeyama emphasizes t h i s  point and shows 

system of rra j o r  arteries i n  t h e  upper extremit ies) ,  t h e  wavelength increases  

with the  res i s tance  and that koemser 's  theory,  pos tu la t ing  t h a t  t h e  wavelength 

decreases with increasing res i s tance ,  i s  not necessar i ly  t r u e  (Bibl.11). 

e t  a l .  (Bibl.21, 23), based on t h e  s imple consideration that an increase i n  

per iphera l  vascular  res i s tance ,  because of contract ion of t h e  blood vesse l s ,  

would decrease t h e  s i z e  of  t h e  th ick  portions of t he  blood vessels ,  s t i l l  be- 

l i e v e  t h a t  a n  increase i n  res i s tance  would decrease t h e  wavelength, i n  disagree- 

ment with Hatakeyama's posit ion.  

Wezler 

Hatakeyam experimentally invest igated t h i s  point on seve ra l  examples. He 

s t a t e d  that t h e r e  are various cases of v ibra t ion  i n  t h e  a o r t a  and t h a t ,  depend- 

i n g  on t h e  animal, t h e r e  are mrked individual  d i f fe rences  and va r i a t ions  by 

f a c t o r s  t h a t  a t  most can reach 2. To be sure ,  Wetterer and Deppe (Bibl.17, 18) 

give f igu res  i n  t h e i r  research repor t s  showing t h a t  h m y  vary by a f a c t o r  of 2 

i n  t h e  very same individual .  

( B i b 1 . a )  and Bleichert ,  Lezgus and E a r t i n i  (Bib1.3), i n  discussing t h e  r e l a -  

t i o n s h i p  of h and t h e  blood-vessel length f o r  t he  fundamental v ibra t ion  of t h e  

pulse wave i n  t h e  human femoral and r a d i a l a r t e r i e s ,  invest igated t h e  pos i t i on  

of t h e  loops and nodes of t h e  v ibra t ion  and reported no extreme var ia t ion .  

Recently, however, K a p a l ,  Martini and Wetterer 

Now, according t o  t h e  experimental r e s u l t s  of t h e  present author ,  h may un- 

doubtedly vary considerably, even i n  t h e  same individual .  For example, i n  t h e  

r a b b i t ,  t h e  r a t i o  of t h e  rraximum t o  minimum A i n  t h e  same individual  was 2.60, 

2.96, 1.62, e tc . ,  and i n  t h e  dog it was 2.02, 3.&, 1.89 and so on. T h i s  is a 
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I '  . 

range of va r i a t ion  f o r  A by a f a c t o r  of more than 2. The calculated values 

of A, however, were here obtained by multiplying t h e  period of the  fundamental 

v ib ra t ion  T' by t h e  pulse wave transmission ve loc i ty  c,  measured by a c e r t a i n  

f ixed  method. S t r i c t l y  speaking, s ince  t h e  transmission rate might vary w i t h  

t h e  loca t ion  of t h e  blood vessel ,  t he  posi t ion of t h e  wave i n  t h e  segment of 

t h e  blood vesse l  cannot be exact ly  specif ied from t h e  value of t h i s  A .  However, 

s ince  the  f a c t o r s ,  f o r  t h e  most part, a r e  no doubt e n t i r e l y  su i ted  to t h e i r  

purpose, a comparison of t h i s  h with t h e  anatomic length of t h e  a o r t a  L ind i -  

ca t e s  t h a t  on t h e  whole it was val id  within the  range from 2L t o  a, not being 

very much shor t e r  than 2L nor very much longer than a. From t h e  viewpoint of 

wave-notion theory,  t h i s  statement is almost f r e e  of contradiction. A /143 
glance a t  t h e  measured and calculated values ind ica tes  t h a t  t h e  transmission 

v e l o c i t y  is extremely var iable .  

minimum is  as high as 6, which i s  grea te r  than  t h e  corresponding r a t i o  f o r  A .  

I n  some cases, t h e  r a t i o  of its maximum t o  i t s  

However, i f  t h e  period of t h e  fundamental v ibra t ion  is a l s o  governed by f a c t o r s  

o t h e r  than the  in t ravascular  v ibra t ion ,  f o r  the  above causes, then it would be 

possible  f o r  A t o  vary subs t an t i a l ly  w i t h  c. I n  f a c t ,  a study of t he  cor re la -  

t i o n  between A and c does show a p s i t i v e  cor re la t ion  of 0.79 according t o  t h e  

experimental results. I n  some cases, however, it i s  below 0.3, so that no un- 

qua l i f i ed  conclusion can be drawn, and, f o r  instance from the  wave-motion theory,  

t h e  co r re l a t ion  between t h e  e l a s t i c  elements of t h e  blood vessels  cannot be 

neglected i n  t h e  determination of wavelength. 

As s t a t ed  above, according t o  t h e  wave-motion theory there  should be a 

c lose  r e l a t ionsh ip  between peripheral  res i s tance  and wavelength. However, it 

is d i f f i c u l t  t o  express t h e  per ipheral  res i s tance ,  as such, quan t i t a t ive ly  and 

accura te ly .  Moreover, a kind of e j e c t i o n - p i n t  impedance would be obtained by 
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an  accurate  measurement of t h e  so-called e f f ec t ive  per iphera l  res i s tance  (mean 

blood pressure versus mean flow ve loc i ty) ,  and s ince  nothing is known on the  

d i s t r i b u t i o n  of t he  res i s tance  a t  each posi t ion of t h e  blood vessel ,  t h e  s i t u a -  

t i o n  grows mre and more complicated. 

p i n t s  r e l a t i v e  t o  t h e  values of W that I have calculated.  For example, W has 

t h e  meaning of o v e r a l l  e f f ec t ive  per ipheral  res i s tance ,  and i n  order  t o  calcu- 

l a t e  it accura te ly  it is necessary t o  measure accura te ly  t h e  mean flow ve loc i ty ,  

and consequently t o  measure accura te ly  t h e  cardiac output.  

tremely d i f f i c u l t  t o  make accurate  measurements of  t h e  cardiac output,  especial-  

l y  t h e  cardiac output f o r  a s ing le  s t r o k e .  

continuous recordings of t h e  c i r cu la t ion  flow curve o r  ve loc i ty  curve i n  t h e  

pr imi t ive  a o r t a ,  using a m g n e t i c  flowmeter, thus d i r e c t l y  measuring t h e  cardiac 

s t r o k e  volume. 

were unable t o  measure the  blood flow enter ing t h e  system of coronary blood 

vesse ls  and wound up with negative loads,  confusing t h e  thoracotomy and t h e  

o t h e r  dynamic conditions.  

card iac  output ,  such as those used here, do have t h e  advantage over chemical 

methods t h a t  it i s  possible ,  from time t o  time and from ins t an t  t o  i n s t a n t ,  t o  

measure t h e  cardiac output f o r  a s ingle  s t roke,  although t h e  confidence l e v e l  

may not be e n t i r e l y  sa t i s f ac to ry .  

one could use ins tead ,  and the re fo re  I used these.  

methods besides  those  of Broemser-Ranke (Bibl.4) that were here emploged: 

Wezler and B'dger (Bib1.23), Frank (Bibl.8), Bazett e t  a l .  (Bibl.2), Hamilton 

e t  al.  (Bibl.10, 16), Wetterer (Bibl. l9),  Recklinghausen (Bibl.lS), and Hata- 

keyama e t  a l .  (Bibl.12). 

are complicated, and t h e  amount of  calculat ion reqaired would have been e n t i r e l y  

19 

Consequently, t h e r e  a r e  many questionable 

However, it i s  ex- 

Wetterer and Deppe (Bibl.18) made 

But even by using such a high-confidence method, these  authors  

On t h e  o the r  hand, dynamic methods of measuring t h e  

But there  were no o t h e r  r e l i a b l e  methods t h a t  

There are many dynamic 

While t h e i r  confidence l e v e l  is high, t he  operat ions 



ou t  of t h e  question f o r  t h i s  project .  

measurements can be obtained by t h e  Broemser-Ranke method, considered both 

t h e o r e t i c a l l y  [ Hatakeyama (Bibl.12) ] and experimentally [Wetterer and Deppe 

We bel ieve that comparatively accura te  

(Bibl.l6)]. \ ,  

Now, on inves t iga t ing  t h e  r e l a t ionsh ip  between A and W, we f i n d  cases of 

In  e i t h e r  case they pos i t ive  co r re l a t ion  and o thers  of negative cor re la t ion .  

may r u n  up t o  +0.21 with about k0.1. 

t i e s  must therefore  be termed unsubstant ia l .  The causes a r e  unknown. As al- 

ready s t a t e d ,  t h e  value of W is unstable. 

a o r t a  exhib i t s  considerable v ib ra t ion  at the  branch poin ts ,  it does not seem 

reasonable t h a t  t h e r e  should be no close cor re la t ion  observable. 

t h e  r e l a t ionsh ip  between A and W i n  a theo re t i ca l  model i s  complex, it cannot 

be d e f i n i t e l y  asser ted  t h a t  t h e r e  i s  no i n t e r r e l a t i o n  between them, even though 

t h e  l i nea r  co r re l a t ion  my be tenuous. 

whether t h e  t h e o r e t i c a l  r e s u l t s  shown by a second-order partial d i f f e r e n t i a l  

equation would not,  by comparison, be preferable,  but they a r e  extremely complex 

and s ince  I f e l t  them t o  be r a the r  remote f r o m  p r a c t i c a l  problems I d id  not 

examine them i n  d e t a i l .  

The cor re la t ion  between these two quanti- 

Since t h e  a r t e r i a l  system of t h e  

Since, fu r the r ,  

Of  course, it i s  not  e n t i r e l y  c l e a r  

Next i n  t h e  theory of A varying with W ,  l e t  some f a c t o r  o the r  than t h e  

pe r iphe ra l  r e s i s t ance  be constant ;  f o r  example, l e t  c, e t c . ,  be constant.  If 

c varies, as will be c l e a r  from t h e  Hatakeyama t h e o r e t i c a l  formula, then,  s ince  

W/c must be considered t o  be one var iable ,  it would be more reasonable t o  in- 

vestigate t h e  r e l a t i o n  between A and W/c. Thus when we i nves t iga t e  t h e  corre- 

l a t i o n  between A and W/c, we f ind  t h a t  while t h e  corresponding co r re l a t ion  co- 

e f f i c i e n t  is  -0.576, we s t i l l  cannot say, on t h e  whole, that t h i s  co r re l a t ion  

is p a r t i c u l a r l y  high. Even i n  t h i s  case, however, s ince  t h e  r e l a t i o n  between 
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and W i s  not thought t o  be l i nea r ,  t h e  existence of a close co r re l a t ion  between 

t h e  t w o  quan t i t i e s  cannot be denied on t h e  basis of these  f a c t s  alone. 

The e f f ec t ive  length  of t h e  air  chamber was first given as cS by Broemser, 

bu t  Aub (Bibl.1) l a t e r  invest igated t h i s  subjec t  experimentally, and establ ished 

it a t  0.5 cS f o r  maw animals. 

e f f ec t ive  length as A/&, i n  contrast  t o  Frank's e a r l i e r  f i nd ing  that it was X/2. 

Thus, t h e r e  is a grea t  difference between t h e  method of determining t h e  cardiac 

output given by Broemser and Ranke and t h a t  used by Wezler and Bzger, which 

implies t h e  p o s s i b i l i t y  of showing that the  two methods y i e l d  very d i f f e r e n t  

values,  provided the re  i s  no close cor re la t ion  between cS and X. 

On t h e  o ther  hand, Wexler and BEger took t h e  /144. 

I n  view of t h i s  s i t u a t i o n ,  an  examination of t h e  co r re l a t ion  coef f ic ien ts  

found by us between h and CS shows posi t ive cor re la t ion  i n  some cases, and 

negative cor re la t ion  i n  o the r s ,  with a coef f ic ien t  of co r re l a t ion  above 0.5 i n  

only  a f e w  cases. 

cor re l a t ion  below 0.2 as wel l  as cases of  negative co r re l a t ion  means t h a t  en- 

t i r e l y  separa te  figures should be used f o r  t r e a t i n g  cS and h .  

However, t h e  f a c t  t h a t  t he re  a r e  cases with a coe f f i c i en t  of 

I n  general ,  i n  any discussion of vibrat ion,  not only t h e  period, wavelength 

and amplitude are involved but  a l s o  the degree of damping. 

v i b r a t i o n  is  taken as a type of hypervibration, it should be possible  t o  express 

t h e  degree of i t s  darnping by the r a t i o  between t h e  f i r s t  and second peaks. 

S t r i c t l y  speaking, of course, if w e  are  concerned w i t h  t h e  darnping as an  index 

number, ordinary common sense would t e l l  us t o  use t h e  so-called logarithmic 

damping decrement, but here,  purely f o r  convenience, we have adopted t h e  r a t i o  

Pz/P1 as our  measure of t h e  damping conditions. 

ered i n  connection with t h e  damping i s  t h e  per ipheral  res i s tance .  

consider  w h a t  t h e  r e l a t ionsh ip  with t h e  loops and nodes of t h e  standing-wave 

If t h e  fundamental 

The f i r s t  f a c t o r  t o  be consid- 

If we do not  
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v i b r a t i o n  of t h e  region of t h e  femoral a r t e r y  might be, t hen  it is reasonable 

t o  suppose, as Broemser has shown, t h a t  as t h e  per ipheral  r e s i s t ance  increases  

t h e  damping will decrease and Pz/Pl w i l l  approach 1. 
I 

The f a c t  that, i n  r e a l i t y ,  

a l l  t h e  cor re la t ion  coef f ic ien ts  between W and Pz/Pl are pos i t i ve  is  not in- 

cons is ten t  with t h i s  idea.  However, i f  these values do not become excessively 

g rea t ,  it is d i f f i c u l t  t o  expect these  cor re la t ion  coef f ic ien ts  t o  be accurate .  

Considered within t h e  framework of t h e  wave-motion theory, t h e  f a c t  that Pa/Pl 

increases  with W is connected with t h e  f a c t  that, as W increases ,  t h e  measured 

port ion of  t h e  femoral a r t e r y  would approach t h e  v ib ra t ion  loop, so  that t h e r e  

should be a negative co r re l a t ion  between h and W. Nevertheless, as we s t a t ed  

a t  t h e  beginning of t h i s  discussion, these cases a r e  not necessar i ly  confined 

t o  negat ive cor re la t ions ,  and thus t h i s  point need not be overemphasized. 

Passing now t o  t h e  cor re la t ion  between t h e  r a t i o  of t h e  anpl i tudes of t h e  

pressure v ibra t ions  i n  t h e  ao r t a  and femoral a r t e r y  and t h e  r a t i o  P2/P1, t h e  

same p i n t  is  noted. Some cor re la t ion  coe f f i c i en t s  a r e  p s i t i v e ,  others  nega- 

t i v e ,  and i n  some cases t h e  absolute  values of t h e  cor re la t ion  coef f ic ien ts  are 

less than  0.1. 

tude of t h e  v ibra t ion  region of t he  femoral a r t e r y  i s  para]-le1 t o  a rrarked 

Nevertheless, one cannot say per se that an  increase i n  ampli- 

fundamental v ibra t ion .  

The view that it i s  t h e  e jec t ion  o f  blood from the  hear t  that promotes t h e  

fundamental v ibra t ion  has been advanced and discussed above. Another explana- 

t i o n  given in the  past  i s  that t h e  second peak o r  d i c r o t i c  rise is a reac t ion  

t o  t h e  closing of t h e  semilunar valves [Wiggers e t  a l .  (Bib1.24)J. 

so, t hen  t h e  period S' between t h e  trough of t h e  fundamental v ibra t ion  of t h e  

If t h i s  i s  

femoral artery, i.e.,  t h e  inc isure ,  and t h e  i n i t i a l  part of the  pulse wave 

would have t o  be almost i d e n t i c a l  w i t h  S. Thus, S'/S would have t o  be prac t i -  
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c a l l y  equal t o  1. 

i n  both r abb i t  and dog, and i n  some cases even reach 4, s o  t h a t  S' can de f in i t e -  

l y  not be considered as being subs t an t i a l ly  t h e  same as S, i n  value.  

The values a c t u a l l y  measured, however, range f r o m  0.7 t o  2 

Wehn (Bibl.20) holds that the  v ibra t ion  amplitude of t h e  per iphera l  arteri-  

a l  blood pressure is a t  least twice that of t h e  cen t r a l  a r t e r i a l  blood pressure,  

and that t h e  react ion of t h e  organism t o  t h i s  and o the r  causes might give rise 

t o  t h e  v ibra t ion  of blood pressure;  but  ou r  own measurements show no examples 

of such phenomena. 

t y  of t h e  vascular  system, we cannot here argue f o r  t h e  agreement o r  disagree- 

ment of t h e  ref ined f igu res ,  and it m u s t ,  i n  pa r t i cu la r ,  be considered that t h e  

blood i s  ejected from the  hear t  during t h e  s y s t o l i c  period and that, consequent- 

ly, t h e r e  must be a close r e l a t ionsh ip  between t h e  form of t h e  blood-pressure 

wave during t h i s  period and t h e  propert ies  of t h e  myocardium. For t h e  funda- 

mental v ib ra t ion  period t o  be a proper objec t  of v ibra t ion  theory study by t h e  

methods used i n  t h e  present work, the  e j ec t ion  of t h e  blood would have t o  obey 

a square l a w .  Unless it does, t h e  summit of t h e  first peak due t o  t h e  e j e c t i o n  

pa t t e rn  of t h e  blood during t h e  sys to le  must vary. This was t h e  ana lys i s  given 

long ago by Frank (Bibl.8), and l a t e r  by Wetterer (Bibl. l9),  t o  t h e  e f f e c t  t h a t  

t h e  f i rs t  peak due t o  t h e  blood e jec t ion  pa t t e rn  might occur e i t h e r  e a r l i e r  o r  

l a te r  t h a n  t h e  i d e a l  pa t te rn .  

blood is  continuously e jec ted  i n  t h e  same way, obeying a square l a w .  I n  com- 

par ison with t h i s  pa t te rn ,  a f t e r  t he  closing of t h e  a o r t a l  valves ,  t h e  blood 

e j e c t i o n  pa t t e rn  drops t o  zero, so t h a t  it cannot 3 e  considered t o  be simply 

t h e  second wave of t h e  af ter-vibrat ion.  

experiments, that i n  general  t h e  second peak has a n  a c t u a l  v ib ra t ion  which leads  

t h a t  an t i c ipa t ed  f r o m  t h e  i d e a l  vibrat ion pat tern.  

l 

If we consider t h e  accuracy of measurement and t h e  complexi- 

Later, with respect  t o  t h e  second peak, t h e  

It can e a s i l y  be shown, even i n  model 

Consequently, t h e  theory 
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' mentioned a t  t h e  very beginning will be supported as compared with t h e  v i e w  

that, on va r i a t ion  of L within t h e  in t e rva l  of 2 t o  4 times, C varies rela- 

t i v e l y  l i t t l e .  

b ra t ion  is  excited by t h e  e j ec t ion  of blood from the  hear t .  However, A, as 

considered by mny i nves t iga to r s  up t o  now, is  not a f ixed  quant i ty  but m y  

vary by a f a c t o r  of 2 o r  more, and t h e  dynamic model must be considered t o  be 

sometimes t h a t  of an open tube,  sometimes t h a t  of a closed tube,  and sometimes 

intermediate  between these.  

g rea t  changes i n  t h e  condition of t h e  c i rcu la tory  system can be obtained by t h e  

app l i ca t ion  of very grea t  loads t o  it; i n  experiments on hunran subjec ts ,  such 

as those performed by Kapal, Martini and Wetterer (Bibl.&) and by Bleichert ,  

Leegus and Martini  (Bibl.3), s ince  it was impossible t o  produce extreme changes, 

t h e  r e l a t ionsh ips  found f o r  A were p rac t i ca l ly  constant 

I n  essence, t h e  former theory states t h a t  t h e  fundamental vi-  

-- .., 

I n  t h e  case of animal experiments, however, very 

The blood vesse ls  of t h e  arm, considered as a n  open tube opening i n t o  t h e  

wide cavity represented by t h e  ao r t a ,  would l ikewise be expected not t o  show 

extreme changes i n  A ,  s i nce  t h e  d i s t r i b u t i o n  of per ipheral  res i s tance  is not too  

complex. 

similar treatment induces s u b s t a n t i a l  changes i n  t h e  h of t h e  pulse wave of t h e  

b rach ia l  a r t e r y ,  and Wezler e t  a l .  (Bib1.22) have a l so  found t h a t  t h e  r a t i o  of 

t h e  X of  t h e  pulse wave of t h e  brachia l  a r t e r y  t o  t h e  length of t h e  blood vesse l  

decreases  w i t h  increasing age of t he  subject.  

plained by t h e  change i n  t h e  a c t u a l  length of t h e  blood vesse ls  which many re- 

searchers  be l ieve  t o  occur,  s ince  ac tua l ly ,  with increasing diameter of t h e  

blood v e s s e l  and thus with decreasing per iphera l  res i s tance ,  A is  sa id  t o  de- 

c rease ;  t h i s  can be explained instead by an  approach f r o m  t h e  closed tube system 

t o  t h e  open tube system. 

Yet Wealer e t  al .  (Bibl.21) have shown t h a t  cooling of t h e  hand and 

The latter fact cannot be ex- 



IVm CONCLUSIONS 

To inves t iga te  t h e  causes of t he  fundamental v ibra t ion  of t h e  arterial 

pulse wave, t h e  cor re la t ions  between the  following pa i r s  of elements of t h e  

blood-pressure curves f o r  t h e  aor ta  and femoral a r t e r y  of t h e  dog and rabbi t  

were determined : 

W 1) N C ;  2) X - cS; 3 )  A -  W; 4) A -  c; 

where 
c = transmission ve loc i ty  of t he  a o r t a l  wave; 

X = wavelength of t h e  fundamental v ib ra t ion ;  

S = dura t ion  of t he  a o r t i c  sys to l e ;  

W = e f f e c t i v e  per ipheral  res i s tance ;  

P, and P; = t h e  s y s t o l i c  pressures in t h e  ao r t a  and femoral artery, re- 

s pe c t  i ve ly  ; 

Pd and PL = t h e  d i a s t o l i c  pressures i n  t h e  ao r t a  and f e m r a l  arteries,  

respec t ive ly ;  

Pa and P1 are given i n  Fig.1 (which see) 

As a r e s u l t  we have learned that t h e  fundamental v ib ra t ion  i s  caused pr i -  

mari ly  by t h e  v ib ra t ion  accompanying t h e  e j ec t ion  of blood from the  hea r t  i n t o  

t h e  ar ter ia l  system, and that i t s  wavelength varies g r e a t l y  with t h e  pa t t e rn  of 

such e j e c t i o n  and w i t h  t he  dynamica ls ta te  of t h e  vascular  system. Various 

t h e o r i e s  heretofore  advanced which give the  e f f e c t i v e  length of t h e  a i r  chamber 

as t h e  b a s i c  cause of t h i s  phenomenon are c r i t i c a l l y  examined. 
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